Competence for transformation in Haemophilus influenzae is stimulated by cyclic AMP (cAMP) and requires the cAMP-dependent catabolite regulatory protein CRP. Thus, understanding the control of competence will require understanding how cAMP levels are regulated. As a first step, we have cloned the H. influenzae adenylate cyclase gene (cya) by complementing the Lac -phenotype of Acya Escherichia coli. Its sequence specifies an 843-amino-acid protein which has significant identity to other known bacterial adenylate cyclases (41 to 43% and 61% identical to the cya genes of enteric bacteria and of Pasteurella multocida, respectively). As seen in other bacterial cya genes, there is evidence for regulation similar to that demonstrated for E. coli: the presence of a strong consensus CRP binding site within the promoter of the gene may provide feedback control of cAMP levels by repressing cya transcription, and translation may be limited by the weak ribosome binding site and by initiation of protein synthesis with GUG rather than AUG or the UUG used in other bacterial cya genes. We confirmed the essential role of cAMP in competence by constructing and characterizing H. influenzae cya mutants. This strain failed to develop competence either spontaneously or after transfer to a competenceinducing medium. However, it became as competent as its wild-type parent in the presence of exogenous cAMP. This result suggests that the failure of exogenously added cAMP to induce optimum competence in wild-type cells is not due to a limitation to the entry of cAMP into the cells. Rather, it strongly favors models in which competence induction requires both an increase in intracellular cAMP and a second as yet unidentified regulatory event. H. influenzae strains mutant in cya or crp were unable to ferment xylose or ribose. This confirms that H. influenzae, like E. coli, uses cAMP and CRP to regulate nutrient uptake and utilization and lends increasing support to the hypothesis that DNA uptake is a mechanism of nutrient acquisition.
Although it is almost 50 years since bacterial transformation revealed that DNA carries genetic information (3), we still know very little about how or why some bacteria are able to take up exogenous DNA. Specifically, we do not know how transformable bacteria decide to become competent, we do not know how DNA is translocated across the cell envelope, and we do not know why these transformation systems ever evolved in the first place. In order to answer the last of these questions, we are investigating the first, guided by the principle that the regulatory mechanisms controlling competence development evolved to maximize its benefits and minimize its costs.
DNA uptake could have evolved to provide cells with nutrients, with templates for DNA repair, or with novel genetic information (24, 31, 35) . In Haemophilus infiuenzae, the strongest evidence in favor of a primarily nutritional function is the involvement of cyclic AMP (cAMP) and the cAMP-binding regulatory protein CRP, which mediate catabolite repression in Escherichia coli. H. influenzae cultures cannot normally be transformed during exponential growth in rich media, but addition of 1 mM cAMP causes transformation frequencies to rise dramatically, from <10-8 to 10-4 per cell (39) . However, because this competence is 100-fold lower than that induced by transfer of cells to a starvation medium, the possibility remained that cAMP had only a minor role in competence.
The importance of cAMP in competence was established when a transposon insertion that entirely prevents competence was found to disrupt a gene homologous to the E. coli crp gene (9) . This gene encodes the cAMP-dependent DNA-binding protein CRP, which regulates expression of operons controlling many diverse pathways, especially those involved in nutrient acquisition and utilization. Because CRP acts as a transcriptional regulator only when it has bound cAMP and because in E. coli CRP levels are not normally limiting, CRP-regulated promoters are thought to be primarily controlled by the intracellular concentration of cAMP. cAMP levels in turn are controlled at several steps: transcriptional and translational regulation of cya, activation of adenylate cyclase by the phosphotransferase system (PTS), and possibly active excretion and/or enzymatic breakdown of cAMP (7) . In H. influenzae, the CRP-dependent induction of competence by exogenous cAMP implies that intracellular cAMP levels may regulate competence. If this is correct, then in order to understand how cells decide to become competent we need to find out how cAMP concentrations are controlled. As a first step, we have cloned and sequenced the H. influenzae cya gene and have constructed and characterized cya mutants.
MATERIALS AND METHODS
Sources. Bacterial strains are listed in Table 1 . All H. influenzae strains are descendants of Alexander and Leidy's original Rd strain (2) . The H. influenzae-E. coli shuttle vector plasmid pSU2718 was obtained from M. Chandler (8) , and X-1316 (carrying miniTnlOkan) was obtained from N. Kleckner (38) . The XGEM-12 library of H. influenzae chromosomal DNA used in this study has been described elsewhere (4) .
Culture conditions. H. influenzae strains were routinely sxy-I::miniTnlOkan 38a grown at 37°C in Difco brain heart infusion broth (BHI) supplemented with NAD (2 p.g/ml) and equine hemin (10 ,ug/ml) (sBHI). Sugar fermentation was assayed with Difco phenol red assay broth supplemented with NAD, hemin, 10% BHI, and 1.0% of the sugar to be tested; the results were scored after overnight growth in loosely capped tubes. Antibiotics for the H. infiuenzae experiments were used in broth and in 1.2% agar plates at the following concentrations: novobiocin, 2.5 pg/ml; kanamycin, 7.0 p.g/ml; and chloramphenicol, 2.0 p.g/ml. Additional hemin (250 RIl at 1 mg/ml) was applied to sBHI plates more than 24 h old. Unless indicated, media for strains with miniTnlOkan insertions contained kanamycin.
E. coli strains were routinely grown in Luria-Bertani broth and plates (34) Unfortunately, when we probed a Southern blot of KW20 chromosomal DNA with pID1, we learned that its insert was a chimera; the segment downstream of cya was derived from another part of the chromosome and had probably been ligated to the cya fragment during construction of the library.
Consequently, we reisolated the cya gene from an H. influenzae XGEM-12 library (4) by plaque hybridization, using as a probe the 1.0-kb XbaI-KpnI subfragment containing the central segment of the cya gene (Fig. 1C) . The presence of an intact chromosomal segment in this phage (X15-8 in Fig. 1B ) was confirmed by restriction mapping and Southern blot hybridization. A 7.7-kb EcoRI-SacI fragment was subcloned from A15-8 into pGEM-7, forming the cya+ plasmid pRJR124 (Fig. 1C) . This plasmid strongly complements the cya mutation in CA8306-nal and was used to obtain the complete sequence of cya.
Sequence analysis. Figure 2 shows the sequence of the H. influenzae cya gene and its deduced amino acid sequence. Alignment of the amino acid sequence to those of other bacterial adenylate cyclases is shown in Fig. 3 Fig. 2] ) is potentially very strong, with 18 of 22 identities to the E. coli CRP consensus AAATGTGATCTA GATCACATTT (7). There is a second possible CRP binding site between bases -27 and -48. Because it has only 11 of 22 matches to the consensus, CRP binding is likely to be weaker but may still be significant.
We were unable to identify any potential stem-loop structures that could serve as transcription terminators in the 120 bp we have sequenced 3' of the cya stop codon. Nor did we find any perfect copies of the H. infiuenzae 11-bp DNA uptake signal sequence AAGTGCGGTCA (15) , which may participate in termination (21) . However, there is a 10-of-11 match to the uptake sequence at bp 967, and two matches to the 9-bp version of the sequence (AAGTGCGG) occur at bp 370 and 2140.
Chromosomal location of cya. The chromosomal location of the H. influenzae cya gene was initially estimated by probing pulsed-field gel filters (22) with a 1.0-kb XbaI-KpnI subfragment containing the central segment of the cya gene (Fig. IC) . The probe hybridized to bands corresponding to the 34-kb SmaI K fragment and the comigrating 32-kb ApaI 0 and P fragments (results not shown), placing cya in the 30-kb region between rrnA and rrnB, at 340 to 370 kb on the revised chromosomal map (32) . We were able to use the SmaI site in the miniTnlOkan transposon insertion present in the cya mutant strain RR668 (described below) to precisely locate cya within this segment. SmaI digests of RR668 chromosomal DNA showed the expected loss of the 34-kb SmaI K fragment and the appearance of new fragments consistent with a transposon insertion 10 kb from either the SmaI site in rrnA or that in rrnB. Probing pulsed-field gel filters with the upstream part of X15-8 showed hybridization to those restriction fragments containing 23S rRNA genes (22) , indicating that cya is at 350 kb on the H. influenzae map and is transcribed in the same direction as the rrnA and rrnB operons (Fig. 1A) .
Competence studies. To investigate the role of adenylate cyclase in competence development, we used transposon mutagenesis to construct H. influenzae cya mutant strains. We first mutagenized pIDI with miniTnlOkan (38) in the E. coli recA sup" host NM554 and identified an insertion-bearing plasmid that failed to complement CA8306-nal. Restriction mapping and sequencing located the insertion at bp 917 in the putative catalytic domain of cya. This mutated cya gene was then transformed into the H. infiuenzae KW20 chromosome, and the cya mutant strain RR668 was selected by screening for kanamycin-resistant transformants. Southern blot analysis confirmed that RR668 carries a simple gene disruption of cya.
As shown in Fig. 4 Fig. 4C ). In contrast, the cya mutant failed to develop competence at all. The transformation frequency in MIV was about 10-7; this is 105-fold lower than that of the wild type.
The presence of exogenous cAMP causes wild-type cultures to become moderately competent during exponential growth but does not change the levels of competence seen in stationary phase or in MIV. The response of the cya mutant to exogenous cAMP confirmed that its competence defect is caused solely by its inability to produce cAMP. In the presence of cAMP, wild-type cultures and mutant cultures developed competence at exactly the same rate, and showed identical transformation frequencies (Fig. 4) . In the absence of added cAMP, strain RR668 showed no detectable DNA binding or DNA uptake after MIV treatment, confirming that the defect is in the development of competence rather that in a later recombination step. Addition of cAMP restored both DNA binding and DNA uptake (data not shown).
The cya mutation had little effect on cell growth rate in the rich medium sBHI. The slower growth exhibited by strain RR668 (Fig. 4B) TAGATTTTTATATCGGCAGAATTAAGCTATTTACGCAATAAAACTAGGTACTATCCTACCACTCTTAGGTAAAAAAGTCATT,TfGATGTTTATGATGGAAAl-ATTATAJTiT-TTTTCGAA 91
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caused competence defects as severe as that of the catalyticAfter transfer to MIV, wild-type cells usually complete one cell domain insertion described above (data not shown). doubling before ceasing division (Fig. 4D) hemin and NAD, cya and crp mutants grew poorly unless the broth was also enriched with 10% BHI. Consequently, the enriched medium was used for all strains.
Apart from glucose, the only sugars H. influenzae is reported to use are galactose, ribose, maltose, and xylose (20) . A previous report of deoxyribose fermentation was in error (19a) . Table 2 shows that, as expected, wild-type H. influenzae fermented glucose, ribose, xylose, and galactose but not lactose (we have not been able to detect maltose fermentation by any of our strains). The crp and cya mutants were unable to ferment ribose or xylose and gave an intermediate color change with galactose. Addition of cAMP restored sugar fermentation to the cya strain but had no effect in other strains. To demonstrate that the failure to ferment sugars is not a general property of nontransformable cells and to control for the presence of kanamycin in the mutant cultures, we tested strains JG98 and RR648. These strains contain miniTnlOkan insertions that prevent competence but have no known effects on metabolism; both strains fermented the sugars as well as did KW20.
DISCUSSION
The results here show that production of cAMP by adenylate cyclase is essential for competence development. This result is not unexpected, because Chandler has shown that competence requires CRP and we know that in other bacteria CRP is active only when complexed with cAMP. The present confirmation allows us to begin looking at how intracellular cAMP levels are themselves controlled and how changes in these levels interact with other cellular processes to bring about competence.
Control of cAMP concentration. In E. coli and Salmonella typhimurium, the major cya promoter is repressed by CRP binding to a site centered on the -10 promoter element (12, 26) , thus providing feedback from intracellular cAMP levels. Expression is also limited by inefficient translation: the gene has a poor ribosome binding site, uses UUG as a start codon, and contains a high proportion of rare codons in its first 20 amino acids (1) . Presumably this poor translation helps cells maintain a low but stable level of adenylate cyclase, which is necessary if basal cAMP concentrations are to be maintained at only a few hundred molecules per cell (6) . In E. coli, modulation of cAMP levels in response to nutrient availability is thought to depend on activation of adenylate cyclase by EnzymeIIIGlc of the PTS (23) and possibly on degradation and excretion of cAMP. Because adenylate cyclase retains some catalytic activity even after C-terminal deletion of up to 70% of the cya gene, the protein is thought to consist of an N-terminal catalytic domain and a larger C-terminal regulatory domain which mediates interactions with EnzymeIIIGlc (33) .
Our sequence analysis suggests that some of these controls also act in H. influenzae. The H. influenzae CRP site is in a position to interfere with transcription from either of the possible promoters, especially because its near-perfect match to the E. coli CRP-binding consensus predicts very tight binding (11) . Feedback repression of cya transcription is likely to be essential for maintaining low basal adenylate cyclase levels; we do not yet know whether it also has a role in competence development. GTG appears to serve as the cya initiation codon. In E. coli, TTG is the least efficient of the three known initiation codons; replacing it with GTG or ATG increases cya translation twofold or sixfold, respectively (27) . We do not know how efficiently H. influenzae can use each of these codons. It may be that, because the H. influenzae genome is very AT rich, GTG is its rarest initiation codon and thus helps limit translation of cya. Codon usage in the first 20 amino acids does not appear to differ significantly from that of other H. influenzae genes (35a, 37) . In H. influenzae, the presence of a PTS has not been demonstrated. However, both the putative catalytic and regulatory domains of the H. influenzae adenylate cyclase are homologous to those of the P. multocida enzyme, which has been shown to be subject to PTS regulation in E. coli (25) . Because control of adenylate cyclase is probably a key regulator of competence, we are at present investigating whether H. influenzae has phosphoenol pyruvate-dependent (39) first observed that addition of cAMP only raised transformation frequencies to the level that develops spontaneously at the onset of the stationary phase, which is about 100-fold lower than that seen after transfer of exponentially growing cultures to MIV. One possible explanation is that extracellular cAMP cannot raise intracellular cAMP to fully inducing levels. Zoon et al. (40) The biological function of competence. Our goal is to understand how naturally transformable bacteria benefit from their ability to take up DNA. The potential benefits of producing recombinant progeny are unpredictable and infrequent and likely to be overshadowed by the more frequent costs associated with DNA uptake and the risk of acquiring deleterious alleles, especially if, as is likely, the available homologous DNA is derived from cells that have died (28) . We feel that the best indicator of transformation's function is its mode of regulation, because the genes that regulate competence development themselves will have evolved to optimize the cell's use of transformation. By this analysis, the use of transforming DNA as templates for DNA repair appears unlikely to be the primary function of transformation because we have found that competence is not induced by DNA damage (30) .
The experiments described above show that cAMP and CRP regulate competence. In enteric bacteria, cAMP and CRP do not control competence (in fact, these bacteria are not known to have natural transformation systems at all) but do regulate the uptake and catabolism of many sugars, amino acids, and nucleosides, as well as ferric iron uptake, bioluminescence, pilus adhesion, and chemotaxis (7) . The fermentation defects of our cya and crp mutants show that in H. infiuenzae cAMP and CRP do indeed control sugar utilization.
The essential role of cAMP and CRP in competence suggests that DNA uptake may contribute to the cell's carbon-energy budget. By far the simplest contribution would be the nutrients contained in the DNA itself. While the energy contained in the amounts of DNA taken up under laboratory conditions may not be significant, the nucleotides might be. H. infiuenzae is unable to synthesize its own purines and lives on the mucosal surfaces of the human respiratory tract, an environment that contains extremely high concentrations of host DNA. We are currently investigating whether these cells can obtain their nucleotides by taking up intact extracellular DNA.
